Electron affinities (EAs) of most lanthanide elements still remain unknown due to their relatively low EA values. In the present work, the cryogenically controlled ion trap is used for accumulating atomic lutetium anion Lu − , which makes the measurement of electron affinity of lutetium become practicable. The high-resolution photoelectron spectra of Lu 
I. INTRODUCTION
Experimental investigations of negative ions provide a unique method for shedding light on many-body problems. Negative ions are distinct from their neutral counterparts and the positive ions in that the extra electron is bound to the remaining core via the short-range force rather than Coulomb binding force. Negative ions usually only have a few bound states due to the shortrange force. Thus it cannot be more preferable to study electron-electron correlation effects and core polarizations through negative ions [1] . As for the theoretical side, many effects ignored in neutral atoms have to be taken into account when calculating the binding energies of even the simplest anionic systems. The influences of electron correlation effects and relativistic effects add much more difficulties in calculations for heavy elements, especially for lanthanides due to the partially filled d-or f-type orbitals [2, 3] . Thus it is indispensable to conduct experiments to test the validity of computational approximations [1] [2] [3] [4] [5] [6] .
Electron affinity (EA), one of the fundamental parameters of atoms, is defined as the energy difference between the negative ion and the corresponding neutral atom (both in their ground states) [6] . EAs of most lanthanide elements are still unknown due to the practical difficulties in measuring EA values via traditional methods [2, 3] . Firstly, generating stable and considerably strong ion beams of lanthanides is not an easy task. The † Part of the special issue for "the 19th International Symposium on Small Particles and Inorganic Clusters"
* Author to whom correspondence should be addressed. E-mail: ningcg@tsinghua.edu.cn oxide and hydride anions are unintendedly dominant in mass spectra. Signals of atomic anions are usually extremely weak [7, 8] . Secondly, the relative low EAs of lanthanides, typically about 0.2 eV, bring out the necessity of far infrared light sources when using traditional methods, which are nevertheless scarce. Thirdly, atomic anions of lanthanides usually have several bound states, and their electronic structures of neutral atoms are very complicated. These cause very congested spectra which cannot be well resolved by traditional methods. Moreover, the theoretical predictions of electronic structures and binding energies for lanthanides still remain challenging [1] [2] [3] [4] [5] [6] . In 2001, Davis and Thompson reported the experimental work for measuring EA value of Lu for the first time by using the laser photodetachment electron spectroscopy technique [9] . EA of Lu was determined to be (0.34±0.01) eV. They also observed one excited state, and its binding energy was measured as (0.16±0.02) eV. On the theoretical side, several different methods have been reported for predicting the EA value of Lu. Vosko and Chevary reported a value to be (0.19±0.11) eV via the DFT-HF calculations [10] [12] . Two more bound states 3 D 2 and 3 P 0 were predicted. The method within the frame work of the Breit-Pauli Hamiltonian and the relativistic Hartree-Fock method was adopted by Karaçoban andÖzdemir. EA was predicted to be 2665 cm −1 [13] . O'Malley and Beck predicted the EA of Lu to be 329 meV using valence shell relativistic configuration interaction calculations [14] . Later they revised the value to be 353 meV considering their "complete calculations" [15] .
In the present work, the combination of the cryogenically controlled ion trap [16, 17] and the slow-electron velocity-map imaging method [18] [19] [20] (Cryo-SEVI) was used to measure the EA of atomic Lu. The SEVI method had very impressive energy resolution of a few cm −1 and guaranteed signal intensities for low-energy electrons [18, 19, [21] [22] [23] . In our previous work, we have improved the uncertainties of EAs of several transition elements to the accuracy of ∼0.5 cm −1 via this method [24] [25] [26] [27] [28] [29] [30] [31] . As demonstrated in our recent work for EA measurement of titanium [27] , the cryogenically ion trap can effectively enhance the intensity of negative ions through accumulations. It should be mentioned that the trace water or oxygen condensate completely in the cold ion trap, which is important for trapping the reactive anions. Moreover, the ability to reduce thermal broadening and hot bands is crucial for obtaining a clean and sharp spectrum for molecular anions, which might be the most important advantage of a cold ion trap.
II. EXPERIMENTS
Our cryo-SEVI apparatus have been described in detail previously [27] . Targeted anions are produced, trapped, mass-selected, and finally photodetached by a tunable laser. The kinetic energies of injected photoelectrons (E k ) are measured through a velocity-map imaging (VMI) spectrometer [19, 32] . The binding energies (BE) are deduced from the energy conservation, BE=hν−E k . Here hν is the photon energy.
Anions were generated by a laser ablation ion source. A 532 nm pulse radiation of about 10 mJ from an Nd:YAG laser working at a 20 repetition rate was aimed onto the surface of a lutetium disk. The disk was designed to be translating as well as rotating so that the entire surface would not be worn out quickly. The formed plasma flew through an Einzel lens and was guided to an ion trap held at a variable temperature of 5−300 K mounted on the second stage of a liquid helium refrigerator. In order to isolate the ion trap from the thermal exchange with the surrounding environment, a 40-K copper shield was connected with the first stage of the refrigerator. While stored in the trap for about 40 ms, the trapped ions lost kinetic energies through collisions with a mixture of H 2 and He buffer gases (20:80). As shown in FIG. 1 , two electrodes at the entrance and the exit of the ion trap confined the ions axially and the linear RF octupole confined them radially. The trapped ions can be ejected out tightly with the help of the four ring electrodes.
The extracted ions were accelerated by a −1000 V high-voltage pulse in the Wiley-McLaren time-of-flight mass spectrometer [33] . Then, they were detected by an ion detector, which is composed of a pair of microplates. The ion detector could be rotated out of the ion flight path for the following photodetachment experiment. The typical mass resolution (m/∆m) is 1000 for m≈200. Finally, the ions of interest were picked out via a mass gate and headed into the interaction region of the VMI lens, where they were photodetached by a Nd:YAG-pumped tunable dye laser. The outgoing photoelectrons were proliferated by two chevronstacked microchannel plates and imaged on a coupled phosphor screen. The raw photoelectron images were recorded by a CCD camera for each laser shot in real time. Event-counting software was applied to find the hitting position of each photoelectron. A typical photoelectron image was an accumulated result of 50000 laser shots. The wavelength of the dye laser was monitored in real time by a HighFinesse WS-600 wavelength meter with an accuracy of 0.02 cm −1 . The polarization vector of the detachment laser was parallel to the phosphor screen. Hence the raw image had a cylindrical symmetry. The maximum-entropy velocity Lengendre method was used to reconstruct the radial and angular distributions from the accumulated images in this work [34] . Velocities of photoelectrons were proportional to the measured radii r of the rings in the image.
For one-photon detachment, the photoelectron angular distribution (PAD) is given by the expression [35, 36] 
Here θ is the angle of the outgoing electron relative to the laser polarization and P 2 is the second-order Legendre polynomial. σ is the total photodetachment cross section. β is defined as the asymmetry parameter, lying between the values of 2 and −1. The β value depends on eKE and electronic states [36] . As for atomic anions, when the s-orbital electron is photodetached, the outgoing photoelectron is p wave because of the conservation of the angular momentum. The intensity distribution is proportionate to cos 2 θ and β equals to 2. When the p-orbital electron is photodetached, the outgoing photoelectron is the superposition of s and d partial waves. However, the s-wave is dominant near the threshold due to the centrifugal potential which is proportional to l(l+1)/r for the lth partial wave. Near the threshold, β equals to zero. As the kinetic energy of the ejected electron is increased, the partial waves of s-wave and d-wave both matter. The β value gradually decreases, and reaches the minimum of −1, and then increases if the energy continues to increase. When the d-orbital electron is photodetached, the outgoing photoelectron is the superposition of p and f partial waves. Near the threshold, β is slightly greater than zero. And it will decrease as the kinetic energy increases.
III. RESULTS AND DISCUSSION
FIG . 2 shows the photoelectron image and binding energy spectra obtained at photon energy hν=11590.36 cm −1 . In order to distinguish transitions from different initial states, the trapping time is varied. The shorter the trap time is, the higher the chances that the excited states do survive will be. That is to say, the peak intensities from the excited states will increase as the trapping time decreases. The spectra with trapping time of 45 and 5 ms are plotted together under the condition that the peak g is set to be normalized. The strongest peak g is supposed to be the transition from the ground state of the anions and its intensity can be regarded invariable whatever the trapping time is. Those peaks with the same initial states should follow the same trend as the trap time changes. In this way the relative changes of peak intensities are very helpful for the state assignments.
As mentioned above, we can conclude that peaks g, e, c, and a correspond to transitions from the ground state of Lu − since their intensities barely change under two trapping conditions. Peaks d and b are assigned to be originated from a common initial state. So do peaks h and f. It is also worth mentioning that energy levels of Lu from the NIST database can be used as fingerprints in the assignment processes of final states [37] . In other words, if two transitions belong to the same initial state, their binding energy difference must equal to that of two energy levels of the neutral atom. As shown in  FIG. 2 , a series of vertical sticks were plotted to show the coincidences. The relative positions of sticks are the energy levels of Lu. The final states of the transitions sharing the same initial state can be figured out instantly through those vertical sticks. These determinations of final states further confirm our previous conclusions about the peaks with the same initial states. In view of the previous calculation work, the ground state of Lu − is predicted as 6s 2 6p5d 1 D 2 [10, 11, 14, 15] . Our experimental results are consistent with this prediction. The terms of final states of peaks g, e, b, and a are 2 D and 2 P [37] . Among the calculated possible terms of the initial state, 3 F 2,3 , 3 P 0 and 1 D 2 , the L quanta tends to be D or P instead of F based on the transition rules [15] . More interestingly, the intensities of peaks d and b are deviated from general features of transitions from excited states. Generally, the shorter the trapping time is, the stronger the peaks for an excited state will be. For example, peaks h and f do become stronger with shorter trapping time of 5 ms. In contrast, peaks d and b become stronger with longer trapping time of 45 ms. There must exist a higher excited state above the initial state of peaks d and b, which can decay to this initial state, and the lifetime of this initial state should be very long. According to the calculations of O'Malley and Beck, the lifetime of level 3 P 0 is 2200 y [38] . Moreover, near the photodetachment threshold, the cross section of d-orbital photodetachment is usually two orders of magnitude lower than that of p-orbital photodetachment [36] . These two evidences favored the assignment of 3 P 0 to be the initial state of peaks b and d. Peaks h and f should be transitions coming from 3 F 2 not 3 F 3 in that the J of their final states are 5/2 and 3/2, respectively. According to the transition rules of photodetachment, the smaller change of J before and after detachment is, the higher the transition possibility will be [39] . All these conclusions discussed above are illustrated in FIG. 3 . The colors of vertical sticks in  FIG. 2 indicate three different bound states of Lu − . The energy calibrations were done by using the wellknown transitions of rhenium anions Re − . To compensate the slightly nonlinear behavior between E k and r 2 in a larger kinetic energy range, the following equation is used to convert the spectra versus the radius r to the kinetic energy E k ,
where the coefficients α 2 and α 4 were determined by the least squares method, as shown in FIG. 4 . Since all the binding energies of transitions originated from the ground state of Lu − fall out of the tuning range of our dye laser, we cannot scan a suitable transition slightly above its threshold to accurately measure the electron affinity. Since the kinetic energy of peak a is much smaller than that of peak g, peak a is chosen to determine the EA value. To determine the binding energy of peak a as accurate as possible, a local linear interpolation method is used as described by the following equation
Here E k is the kinetic energy and r is the radius of the peak to be determined, and E k0 and r 0 correspond to the chosen transitions of Re − . α 2 is still the calibration coefficient before the term r 2 . The photon energy hν is tuned so that r is as close to r 0 as possible. Since E k0 is accurately known, Eq.(3) leads to a smaller error compared with Eq. (2) lower signal-to-noise ratio. The two excited energy levels of Lu − can be obtained through peaks d, b, h, and f, which are determined as 1326.3(70) and 1383.4(70) cm −1 above the ground state, respectively. So far, the binding energies of the eight observed peaks can all be settled down combined with the data of energy levels of Lu. All these have been summarized in Tables I, II The three sharp peaks correspond to the Lu−O stretch vibrational progressions. The EA and vibrational frequency was measured to be 13108(74) and 827(77) cm −1 respectively. The thermal broadening related to molecule anionic species was significantly reduced. This demonstrates that cryo-SEVI method is a powerful tool for investigating the complicated electronic structures of lanthanides. 
IV. CONCLUSION
In brief, the high resolution photoelectron spectra of Lu − and LuO − have been obtained through our newlybuilt cryo-SEVI apparatus. The electron affinity of Lu Two excited states of Lu − , 3 P 0 and 3 F 2 were observed, which were 1326.3(70) and 1383.4(70) cm −1 above the ground state of Lu − , respectively. As demonstrated in the present work, this new apparatus has a distinct advantage over the traditional photoelectron spectroscopy. As we all know, electron affinities of most lanthanides still remain unknown. A plan to explore the electron affinities and structures of lanthanides via the cryo-SEVI method is being carried on in our group.
